Twenty-two cases of naturally occumng encephalitozoonosis in squirrel monkeys are reported from breeding colonies of the Delta Regional Primate Research Center, Covington, La. Characteristic foci of granulomatous inflammation and organisms were demonstrated in brains, kidneys, lungs, adrenals, and livers. Vasculitis and perivasculitis were also common lesions in several organs. At least seven cases were congenital while ten others occurred in monkeys less than nine months old. Granulomatous placentitis, previously unreported in any species due to Encephafitozoon cuniculi, was present in one monkey.
Microsporidia are small, rod shaped protozoa which possess an internal coiled tube, the polar filament, in the spore stage. This structure, visible by electron micro~copy,~' is extruded and used to penetrate host cell membranes when infecting new cells. Once inside host cells, differentiation and multiplication occur within cytoplasmic parasitophorous vacuoles termed pseudocysts.32 Development within renal tubular epithelial cells permits seeding of the urine as pseudocysts rupture into the tubular lumen." Horizontal transmission occurs following the ingestion of food contaminated with spore-containing urine from an infected animal. 32 Spores extrude thin polar filaments, invade gut epithelium, and spread hematogenously to several organs-especially brain, lung, kidney, and liver.3' Vertical transmission has been demonstrated experimentally in blue foxes (Alopex lagopus),23 rabbits,'' and previously suggested in a squirrel monkey less than 24 hours old. ' E. cuniculi has a long history of interfering with and complicating medical research with experimental animals. The incidence of this disease in some colonies of laboratory rodents varies between 25 and 95%." This disease has been reported only twice in a commonly used experimental primate, the squirrel monkey (Saimiri sciuyeus). ' .' This report describes lesions associ-ated with 22 naturally occumng cases of encephalitozoonosis identified over a 20-month period at Delta Regional Primate Research Center, Covington, La.
Materials and Methods
At Delta Regional Primate Research Center, approximately 250 squirrel monkeys are maintained in small breeding groups in both indoor and outdoor facilities. All animals which die receive a complete necropsy. Representative samples of all major organs were fixed in 10% neutral buffered formalin, processed routinely for histology, and stained with hematoxylin and eosin (HE). Tissues with lesions suggestive of encephalitozoonosis were stained with Taylor's bacterial For electron microscopy, formalin-fixed tissues from one case were washed in phosphate buffer, post-fixed in 3% glutaraldehyde and 1 % osmium tetroxide, dehydrated and embedded in epoxy.
Necropsy records were examined to identify cases of encephalitozoonosis. Histological slides from all positive cases during a 20-month period were reviewed and described and the presence or absence of organisms in each tissue was noted.
Results
Encephalitozoonosis was diagnosed post mortem in 22 squirrel monkeys over a 20-month period at the Delta Primate Center. This represented 17% of all squirrel monkeys necropsied during that time. Nine animals were classified as neonates (less than four weeks old), eight as infants (less than nine months old), and five were adults. Sexes were fairly evenly distributed with twelve females and ten males. Clinical signs were usually absent although a few monkeys had nonspecific clinical disorders prior to death. There were also no common factors noted in the gross post-mortem examinations; most animals had no significant gross lesions.
Microscopic lesions were most frequent in the brain and meninges followed by the kidney, lung, adrenal gland, heart and liver (table I) . Multiple widely distributed granulomas ( fig. 1 ) from 100 to 200 pm in diameter were a characteristic lesion in the brain and were present in all 22 monkeys. The granulomas were composed of loosely arranged aggregations of mononuclear cells, and were frequently adjacent to or around small to medium-sized blood vessels. The predominant cell type was a large macrophage with abundant pale eosinophilic cytoplasm, and a large, basophilic, vesicular nucleus with a small nucleolus. Mixed with these cells were lymphocytes and microglia. Some granulomas had necrotic centers and some were hemorrhagic. Granulomas were observed in the cerebral and cerebellar cortex, cerebellar peduncle, brainstem, and meninges. Organisms were present within some granulomas (fig. 2), either free or contained by pseudocysts. However, most granulomas had no visible organisms. Pseudocysts were also present in many locations with no surrounding tissue reaction. Pseudocysts ( fig. 3 ) are thin-walled, round structures, approximately 60 to 120 pm in diameter, and contain hundreds of individual organisms (spores). Spores are short, thick rods measuring 2.5 X 1 .5 pm with rounded ends. Although pseudocysts could be observed with difficulty in HE-stained sections, free organisms were observable only in gram-stained sections. The organisms were light violet with HE and dark blue to purple with Taylor's bacterial stain.
Another characteristic brain lesion, observed to a degree in most cases, was vasculitis and perivasculitis. This was especially evident around cerebral sulcal blood vessels. The adventitia was thickened by edema and infiltrated by small macrophages and lymphocytes. Severe lesions involved the tunica media and contained occasional neutrophils. In some blood vessels, there was proliferation of periadventitial cells ( fig. 4 ) that gave the vessel a thickened appearance. ThrombQsis of meningeal vessels was observed in one monkey. Many small vessels near granulomas were congested and cuffed by lymphocytes.
A mild to moderate nonsuppurative meningitis was present in 17 monkeys and was usually multifocal and associated with vasculitis. In some cases the meninges over the cerebral sulci were thickened by fibrous connective tissue ( fig. 5 ). Meningeal vessels frequently were congested, and occasional E. cuiiiculi spores were seen in the meninges.
Sixteen monkeys had renal lesions-most frequently mild patchy interstitial nephritis ( fig. 6 ). Inflammatory cells were histiocytes and lymphocytes, and occasional 
3% months plasma cells and neutrophils. In several monkeys, these areas were accompanied by tubular atrophy, mild interstitial fibrosis, and sclerotic glomeruli. Arteritis was a relatively common finding. Perivascular cufing, by lymphocytes, plasma cells and histiocytes, frequently involved the arcuate arteries and veins. Some vessels had focal necrosis and inflammatory infiltration of the tunica media and adventitia. In ten monkeys organisms were found within glomerular tufts, tubular epithelial cells, or tubular lumina of cortex and medulla ( fig. 7 ). Of the 22 monkeys, 14 had similar respiratory tract lesions. The remaining eight had either no significant lesions or lesions associated with other etiologic agents (e.g., bacterial pneumonia, lungworms). Of those cases in which E. cuniculi was believed to be an etiologic factor, demonstration of organisms was possible in six. A common lesion was mild to moderate artentis ( fig.  8 ) and periarteritis. Some had numerous macrophages and neutrophils within arterial walls that separated smooth muscle and connective tissue components. The endothelial cells were swollen and prominent. In monkey 8, organisms were readily visible in subendothelial pseudocysts when gram stained ( fig. 9 ). At the periphery of the vessels there was proliferation of adventitial components mixed with occasional neutrophils and lymphocytes. Numerous eosinophils were located in this area in one monkey. These multifocal arterial lesions sometimes were large enough to produce granulomatous nodules that extended into the surrounding tissue. These nodules were consistently located on the parenchymal side of the artery, opposite the adjacent bronchiole. Occasionally granulomas were also present in the pulmonary interstitium ( fig. 10 ). Mild interstitial pneumonia was evident in eight monkeys. In these eight, alveolar walls were distended with mononuclear cells, capillaries were congested, and there were multifocal alveolar hemorrhages. Gram-positive organisms compatible with E. cuniculi were present in some inflamed arterial walls and in granulomas.
There was congestion, hemorrhage and inflammation in the adrenal glands in eleven monkeys. Congestion and hemorrhage were the most frequent findingsespecially in the medulla and deep cortex. Inflammation in the same area was usually mild and consisted of ~- scattered aggregates of macrophages, lymphocytes, plasma cells, and an occasional neutrophil. Small foci of necrosis were also present. Granulomatous arteritis and periarteritis were present in six monkeys. Infiltration of the tunica media of capsular arteries was evident sometimes. Spores were observed in three monkeys and were located within sinusoids of both the cortex and medulla and within parenchymal cells.
In the liver, sinusoidal congestion was present in eight monkeys. Mononuclear inflammatory foci, which consisted of granuloma-like aggregates of histiocytes and lymphocytes, were present within the parenchyma near portal triads in threee monkeys. Four monkeys had mild, multifocal mononuclear vasculitis and perivasculitis. Organisms, when present, were free within sinusoidal spaces.
In the placenta of monkey 2, there were multiple foci of granulomatous inflammation ( fig. 11 ) and necrosis ( fig. 12 ) in the chorion frondosum. Granulomatous lesions consisted of circular aggregates of mononuclear cells, predominantly macrophages and lymphocytes, within the propria of chorionic villi. Foci were approximately 300 pm in diameter and were associated with variable amounts of cellular debris and fibrin. Also present were foci of acute necrosis of chorionic villi, associated with hemorrhage, fibrin exudation, macrophages, and occasional neutrophils. Focal mononuclear vasculitis also was present in small fetal vessels of chorionic villi, and umbilical vessels and branches. E. cuniculi organisms were found in many areas of the placenta including anchoring villi near the amnion, the intima of chorioamniotic arteries, and the propria of chorionic villi ( fig. 13 ) adjacent to small fetal blood vessels.
Changes in other organs were minimal. Small foci of granulomatous arteritis without organisms were noted in hearts of four monkeys, in skeletal muscles of two, and in the pancreas of one monkey.
Organisms were identified by electron microscopy in an arterial lesion from one monkey ( fig. 14) . Cross sections of spores ranged in size from 1.2 to 1.6 pm in diameter. The sporoplasm was contained by a plasmalemma and peripheral to the plasmalemma was a thick cell wall. The cell wall was composed of a broad inner radiolucent zone and an outer, slightly undulated double membrane. In many sections, a coiled tubular structure could be observed within the sporoplasm and was identified as the polar filament.
Discussion
The characteristic lesions of encephalitozoonosis in squirrel monkeys were microscopic granulomas and arteritis/periarteritis in multiple organs. The brain and meninges of all monkeys had very distinctive lesions. Careful examination of the brain at higher magnification usually demonstrated the organism-especially with tissue gram stains.
Vascular lesions have been associated with microsporidia in several species including dogs,3' rabbits,16 blue f~x e s ,~' .~~ and man.'' In our study, a definite vascular orientation of brain lesions was noted. Many small blood vessels were surrounded by large macrophages. The origin of these large mononuclear cells is contro- Fig. 7 : Numerous spores within tubular epithelial cells and lumen of renal medulla. Gram. Fig. 8 : Pulmonary arteritis. L = Lumen. HE. Fig. 9 : Pulmonary arteritis; spores (arrow) in swollen intimal layer. L = Lumen. Gram. Fig. 10 : Granuloma in pulmonary interstitium. HE.
versial. It has been suggested that they are activated microglia based on studies in the rabbit. However, electron microscopical studies of canine encephalitozoonosis has resulted in morphological evidence that most of these cells may be reactive and proliferative perithelial cells and that these cells, combined with a few infiltrating lymphocytes and reactive glial cells, form the granuloma^.^' The same study demonstrated that viable organisms only were present within endothelial cells while phagocytized and dead organisms were present within transformed perithelial cells. Our study supports this morphologically, since the vascular lesions were predominantly a proliferative perivasculitis-although inflammation and necrosis of the tunica media were occasionally observed. Vascular involvement also was noted in the lung, kidney, adrenal, heart 12 14 Fig. 11 : Granulomatous focus (arrows) in chorion frondosum of placenta. HE. Fig. 12 : Focus of necrosis in chorion frondosum of placenta. Arrowheads outline a pseudocyst with numerous spores. HE. Fig. 13 : Pseudocyst (arrow) with numerous spores in a chorionic villus. Gram. and liver. This was usually a mononuclear arteritis and periarteritis and was occasionally associated with congestion and hemorrhage.
In one study, arterial lesions in wild, recently trapped squirrel monkeys were reported in approximately 50% of the adults." However, these were noninflammatory atherosclerotic lesions-dissimilar to our vascular lesions. In another study involving dietary effects on atherosclerosis, '' a periaortitis characterized by plasma cells and lymphocytes with fewer eosinophils, mast cells, macrophages, and histiocytes in the surrounding adventitia was described. These authors also reported an interstitial nephritis and myocarditis. E. cuniculi certainly could confuse interpretation of these lesions.
Organisms were sometimes found in tissue sections free of any associated inflammation. This was frequently seen in the brain where some large pseudocysts that contained scores of organisms were surrounded by normal neuropil. This could be explained by the plane of section with the inflammatory reaction deeper in the block, but this should be a rare section. A more likely explanation is that inflammation is not incited until the host cell ruptures.
Infection of the nine neonates was presumed congenital and was strongly indicated in monkeys 1 to 6, since these animals were less than one day old or stillborn. Organisms in neonates were more widely disseminated than in infants or adults. Lesions were more disseminated in young versus old monkeys as well, but it was difficult to sort E. cuniculi-induced lesions from background lesions of old monkeys. This was especially a problem in the kidney, lung, heart and adrenal.
Of the 17 neonates and infants, another cause of death was suggested in only four (monkeys 1, 7, 13, 16 ). E. cuniculi is considered a probable contributing factor to the cause of death in the remaining 13 young monkeys. Although no neurological symptoms were reported in our breeding colonies, these symptoms could be easily overlooked in animals of this age. A two-month-old squirrel monkey with encephalitozoonosis had frequent petit ma1 seizures for a period of one month.'
We believe this to be the first granulomatous placentitis reported in any species caused by E. cuniculi.
Previous experimental infection of a female blue fox with E. cuniculi resulted in the demonstration of organisms within the placenta, but no pathologic change was found on histologic e~a m i n a t i o n .~~ Our report provides not only strong evidence for the ability of pregnant squirrel monkeys to transplacentally infect their fetuses, but also the ability of the organism to produce in utero death and possibly late term abortions. Vasculitis of umbilical vessels is indicative of fetal inflammatory response.
The diagnosis of E. cuniculi was based on spore and cyst size and morphology, and tissue gram staining reactions. E. cuniculi was once classified as Nosema cuniculi. However, ultrastructural differences in developmental cycles have resulted in the return to its original classification as E. cuniculi." The only organism in the genus Nosema currently known to produce disease in mammals is N. connori." The single reported case was in a four-month-old immunodeficient human infant. Organisms were widespread in the myocardium and diaphragm, and were also present in the muscular layers of blood vessels, renal tubules, adrenal cortex and liver. N. connori organisms were differentiated from E. cuniculi by their larger spore size (4-4.5 x 2-2.5 pm) and the presence of two nuclei in the spore stage."
Differentiation of E. cuniculi from Toxoplasma gondii is Cysts of toxoplasma are generally small (up to 60 pm in diameter), while E. cuniculi pseudocysts are larger (between 60 to 120 pm in diameter). Mature organisms of toxoplasma are larger and crescentic (2 x 6 pm), whereas E. cuniculi are somewhat oval rods (1.5 x 2.5 pm). E. cuniculi spores are variably acid fast, and gram and iron-hematoxylin positive whereas T. gondii is not." Another organism which may create confusion in the lung is Pneumocystis ~arinii.~' The cysts of P. carinii are smaller and it has not been reported in the brain.
No epizoologic conclusions could be made after studying the source and incidence pattern within the facility. Monkeys 'were wild-caught and acquired from various suppliers. There has been extensive intermingling of the colony, and monkeys from both indoor and outdoor facilities were affected.
The awareness of this disease in squirrel monkeys is extremely important, especially if such animals are involved with experimentation involving potential brain or vascular lesions. In young animals, the disseminated form of the disease could complicate the pathologic picture in numerous organ systems. Also, the ability of E. cuniculi to produce placental disease makes it an important consideration in the investigation of reproductive failure in breeding colonies of squirrel monkeys.
